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WIND-TUNNEL TNVESTIGATION OF THE EFFECTS (F A JET-ENGINE NACELLE
ON THE AFRODYNAMIC CHARACTERISTICS OF A 37.25°
SWEPT-BACK WING AT HIGH SUBSONIC SPEEDS

By Frederick W. Boltz and Donzld A. Buell
SUMMARY .

A wind—tunnel investigation has been made to determine the aero—
dynamic characteristics of a wing—nacelle combination at high subsonio
speeds. The model consisted of a Jet—engine nacelle in combination wilth
a wing having the leading edge swept back 37.25° and having an aspect
ratio of 6.0%. The nacelle was mounted on the lower surface of the
wing with the air inlet slightly behind the wing leading edge and normal
to the nacelle axis.

Lift, drag, pltching-moment, and ram—recovery data are presented for
the wing-nacelle combination for Mach numbers from 0.18 to 0.92 at a
constant Reynolds mumber of 2,000,000. Surface pressure dete are pre—
sented for Mach mumbers near that of drag divergence.

The addition of the nacelle to the wing was found to have little
effect on the 1ift and pltchlng-moment characterlstics of the wing. At
1ift coefficients between —0.1 and O.)-l-, the drag-divergence Mach number
of the wing—macelle combination was about 0.0l or less lower in value
than that of the wing alons. The reduction of flow through the nacelle
to zero sllightly lnoreased the drag at Mach numbers below that of drag
divergence, but had 1little effect on the Mach number of dreg dlvergence.

At moderate posltive angles of attack, the ram-recovery ratio at
a station 4 percent of the nacelle length behind the nacelle inlet
increased from approximately 0.97 at a Mach number of 0.18 to approx—
imately 0.99 &t a Mach number of 0.92. The lnlet—velocity ratios cor—
responding to these ram—recovery ratios were 0.9 and 0.6, respectively.

INCLASSIFIED
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INTRODUCTION

The effects of s nacelle on the aercdynmamic characterlistics of a
swopt—back wing have been the subject of a series of tests at the Ames
Laboratory. Investlgations were made of varlcous wing—nacelle combina—~
tlons in which the wing had a leadling~edge sweepback of 37. 25 and an
aspect ratio of 6.04.

In the initial phase of the progrem, low-gpeed tests as reported
in referesnce 1 were directed at finding the most favorable position
on the wing for mounting a nacelle represented by a solid ellipscidal
body. The position selected on the basls of low lnterference velocitles
in the Junctures was that with the nose of the nacelle near the lesding
edge of the wing. Further low-epeed tests, reported In reference 2,
were conducted on nacelles mounted in {;his positlion to determins a sa.'b—
isfactory inlet shape for a Jet—engine nacelle with internal flow. The
best ram—reccvery characterlstlcs were obtained wlth the air inlet o
normal to the ailr stream and with the nacells mounted on the lower -
surface of the wing at an lnboard station.

The second phase. of the program consisted of teste up to high
subsonic Mach numbers. Results of tesats of the wing alone were pre—
sented 1n reference 3. A body of revolutlon, simllar to the ellip— _ .
goidal body used in the low-speed tests but having 2 more streamlined
afterbody shape, was tested both alone and mounted at an inboard
station on the lower surface of the wing. The resulte of these tests .
were reported 1n reference L.

Ir the investigation of the present report, the wing-nacelle com—

bination detsrmined to be most promising from the data of reference 2 : -
was tested 1n the Ames 12—foot pressure wind tunnel up to high subsonlc
speeds. The nacelle was mounted on the lower surface of the wing at
the 31—percent—semispan station with the air inlet slightly behind the
wing leading edge and normal to the nacelle axis. Internal-flow char—
acteristios are presented along with the force, moment, and surface
pressure data. '

NOTATION
Cp external drag coefficient (exter(z;z,é_ drag
oexternal grt due t]cfl addition
20y incrementel dreg coefficient o q:sm"e 9 .
oy, 11ft coefficlent { Toil .

405
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)

pitching—moment coefficient about the quarter polnt of the mean

aerodynamic chord (Pitc‘;lzsng moment)

arithmetic average of the total pressure at a glven station in
nacelle duct, pounds per square foot

free—stream total pressure, pounds per sq_uﬁre foot
ram—recovery ratio

1ift-to—-drag ratio

drag-divergence Mach number !:'bhe free—stream Mach number at

which(%%%)ﬁ = 0.10:]

Pree—stream Mach number

local pressure ceoefflclent G]—;———'-)
0

p Ve
Reynolds number —-Q;-L
semispan wing area, square feet

average veloclity at the station of minlmum nacelle—inlet area,
feet per second

free—atream velooity, feet per second
inlet-veloclty ré.tio
wing semlspan, measured normal to the plane of symmetry, feet

local wing chord, measured parallel to the plane of symmetry, feet

fb/2 szy
J—‘%Tz——c—dJT s Teet
Q

local static pressure, pounds per square foot

mean aercdynamic chord

free—stream statlc pressure, pounds per square foot
free—stream dynamic pressure (% povoi s Pounds per square foot

perpendlcular dlstance from the plane of symmetry to a polnt on
the wing, feet o
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o angle of attack, degrees

o, uncorrected angle of attack, degrees

K coefficlent of viscoslity, slugs per foot—second
Po free—stream mase denslty, slugs per cubic footb

MODEL AND APPARATUS

The model wlng had a leading-edge sweepback of 37.250, an aspect
ratio of 6.0k, a taper ratic of 0.5, no geometric twist, and the NACA
61212 section normel to the quarter-chord line. A sketch of the plan
form of the wing—nacelle combinatlon 1s shown in flgure 1. The model
nacelle was a 1/6—scale representation of a nacelle designed to house a
Jet englne having a dlameter of 39 lnches. The nacelle nose and forebody
had a shape approximately that of the NACA l-series nose inlet. Complete
deslgn details are glven 1n reference 2, and a control line drawing
adapted therefrom is presented 1n figure 2 of this report.

The nacelle wes mounted on the lower surface of the wlng at the
3l—percent—semispan station with the plane of the nacelle inlet normal .
to the nacelle axls and 10 percent of the chord behind the wing leading )
edge. For the condltion of zero Iniet velocity a falred tall plug, as
shown dotted in figure 1, was used to stop the flow of alr through the
nacelle duct.

Chordwise rows of pressure orlfices were located on the upper and .
lower surfaces of the wing at the four spanwlse stations indlcated in —
figure 1 and also along the LO—percent~chord line at approximately '
L—dnoh intervals. In addition, pressure orifices were located in the
wing-nacelle Jjunctures, along the upper and lower necelle meridians,
and over the llp of the inlet.

The model was mounted in the wind tunnel as shown in figure 3 wilth
the floor of the tunnel serving as a reflectlion pleane. The balance
system was comnected dlrectly to the turntable upon which the model was
mounted. Pressures were measured by means of multiple—tube manometers,
the readings of which were recorded photographlcally.

TESTS

Measurements of totel and stetic pressures in the nacelle inlet and
in the tall pipe, and of the total 1i1ft, drag, and pitching moment were .
made at & constant Reynolds number of 2,000,000 for Mach numbers fram
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0.18 to 0.92. The angle of attack was varied from —8° to 16° at a Mach
mumber of 0.18 and from —4° to the highest angle obtainsble at higher
Mach numbers, the range being limlted by model strength and tunnel power.
Surface pressures were measured at selected Mach numbers near that for
drag divergence. The model was tested with the alr flowlng through the
nacelle and also with the alr duct closed with the falred tail plug.

In order that the ram-recovery ratlo of the inlet could be computed,
the total pressures In the duct were meassursd with the rake lnstalled
4 percent of the nacelle length behind' the inlet. A rake of total— and
static—pressure tubes installed in the tall plpe was used to measure the
pressures required for the computation of the lnlet-wveloclty ratlio by
the method of reference 5. The values of inlet—velocity ratio are based
on the area of 8.12 square inches at the station of minimum nacelle—inlet
area,

CORRECTIORS TO DATA

Tunnel~weall congtrictlon effects on the Mach number snd the dynamic
Pressure were evaluated by the method of reference 6. Although this
method 1s intended to apply only to full-span models located centrally
in the tunnel, 1t was used as a reasonable estimate of the conmstriction
effects. The followlng tableé indicates the magnitude of the corrections
applied to the Mach number and the dynamic pressure:

Corrected Uncorrected Corrected %o
Mach number Mach number Uncorrected q o
0.400 0.399 1.00k
. 700 697 1.006
.800 . o4 1.009
.850 .84 1.012
.900 .885 1.018
.920 . .901 1.021

Correctlons for tumnel-wall lnterference were evaluated by the
method of reference 7T, modifled slightly to account for the sweep of
the wing. The interference was taken into account by lncreasing the
messured angle of atback an amount 0.489 Cy,, and by increasing the
measured drag coefficient an amount 0.0075 C;*. No correction was
applied to the plitching-moment data.

A tare correction to the drag data, made necessary because of the
flow over the exposed surface of the turntable, was measured with the
model removed from the tunnel. The correction, in coefficient form, had
a constant value of 0.0036, which was subtracted from the measured drag
coefficient.
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The lntermal drseg due to flow through the nacelle was computed by
the method discussed in reference 8, utilizing the total and static
pressures measured with the rake in the tall pipe. The internal drag
coefflclent was subtracted from the measured drag coeffliclent corrected
for tare drag and tummel-well interference to glve the external drag
coefficlent. Tor moderate angles of attack, the internal drag coef-—
ficient varied from 0.0016 at a Mach number of 0.18 to 0.0006 at a Mach

number of 0.92 and was affeocted onliy slightly by changes in the angle
of attack. :

RESULTS AND DISCUSSION
General

As noted previously, the model was tested with and without flow
through the nacelle. For the condition with flow, the inlet~velocity
ratio varied with Mach number end sngle of attack as shown in figure k4.
This flow condition is designated as Vy1/Vg = 0.9 to 0.6 1in figures 5
to 15. - :

Force and Moment Characteristics

The 1ift, drag, and pltching—moment characteristics of the wing—
nacelle combination with flow through the nacelle are presented in
figure 5. Also shown in this figure are the data for the wing alonse
from reference 3. Figure 5(c) includes, 1n additlon, the dreg data for
the wing-nacelle combination with no flow through the macelle. The
variation with Mach number of the aerodynamic characteristics of the
wing—nacelle .combination are presented in figures 6, 7, 8, and 9. The
varietion with 1i1ft coefficient of the drag-divergence Mach number of
the wing-nacelle combination is shown in figure 10. In figures 11 and 12
gre shown the variations with Mach number of the maximum lift—to-drag
ratio, the 1ift coefficient for maximum lift—to—drag ratioc, and the
minimm dreg coefficlent.

From an examination of figures 5 and 7, 1t 1s evident that there
was little change in the 1ift cheracteristice of the wing due to the
addition of the nacelle. The pltching-moment data reveal that the
addition of the nacelle resulisd In a slight rearward shift of the
aerodynamic center at zero lift, and in more positive values of the
pltching moment for zero 1ift at all Mach mmbers.

The variation with Mach number of the drag coefflclent of the
wing-nscelle combinatlon for several 1ift coefficients is presented in
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figure 8. In figure 8(b) 1t may be seen that, with no flow through the
nacelle, the drag coefflcient was generally greater than that wilth flow,
the greatest increase occurring at negative values of the 1ift coef—
Tlclent.

The variation with Mach number of the lncremental drag coceffilcient
1s presented in Pigure 9. The incremental drag coefficient is defined
as thHe increase in the external drag coefficient due to the addition of
the nacelle. It may be observed that, prior to drag divergence, the
incremental drag coefficlent increased a greater amount at 11ft coef—
ficlents of —0.2 and O than at 1ift coefficlents of 0.2 and O.4. In
figure 10, it may be noted that the drag-divergence Mach mmbers of
the wing-nacelle comblnation in the range of 1ift coefficients from
-0.1 to 0.4 were only about 0.01 or less lower in value than those of

+ha ring alana.. Marenwver +ha radnetian Af Internel Plaow thraonoh +he
WLl w ol i LIL & AW WY U K] VUlavg e LR IAW Ul Wdl WAL e e b e dldiede vl e T ke \JI‘.&I—I. (¥ w)

nacelle to zero apparently had a bemeflcial effect on the drag-dlvergence
Mach numbers for 1ift coefflcients from -0.1 to 0.k,

A method was indlcated in reference 2 in which the effect of the
nacelle on the drag—dlvergence Mach munmber of the wing could be esti—
mated from low-speed data. The method was based upon the comparison of
predicted critical Mach mmbers of the wing and wing-nacelle combi-
metlon at the crest points of varlous sparmwise stations. The crest
polnt 4ds defined as the point at which the surface ls tangent to the
direction of the free stream. It was concluded in reference 2 that for
the wing-nacelle combination of the present report no reduction of the
drag-divergence Mach mmber would result from the additlon of the
nacelle, and that varylng the inlet—velocity ratio would have little
effect on the drag-dlvergence Mach mumber. These conclusions are sub-—
stantially in agreement with the results of the present test.

In figure 11, the variations with Mach nmumber of the maximum 1ift—
to—drag ratio and the 1i1ft coefficlent for maximm l1ift—to—drag ratio
are compared wlth simllar data for the wing alone. The reduction of the
maximum lift—bto—drag ratio dus to the additlon of the nacelle amounted
to approximately 33 percent at a Mach number of 0.18, but was smaller
at the higher Mach numbers. Below the Mach number of drag divergence,
the minimim drag of the wing was lncreased between 50 and 90 percent
due to the addition of the nacells.

External Pressure Distrlibution

The pressure changes at high subsonic speeds caused by the addi-—
tilon of the nacelle to the wing are lllustrated by the dlagrams
showing llnes of constant pressure coefficlent, or lsobars, presented
in figure 13. Data for the wing alone and for the wing-nacelle combi-—
natlon with and wlthout alr flow through the nacelle are shown for angles
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of attack of Q° and 4° at Mach numbers Just below those for drag
divergence. In order to provide a reference line from which to gauge

the dilfferences In the pressure distributlon for the three configurations,
the crest line, defined as the locus of crest pointes on the wing, is
Indicated on the isobar disgrems. The crest line has the added signifi—
cance of belng the dividing line betwéen the positive and negative con—
tributions of surface pressures to the pressure drag of the wing.

Figure 13(a) shows that for an angle of attack of 0° the addition
of the nacelle to the wing considerably distorted the isobars in the region
of the nacelle. A comperison of the pressure coefficients on the upper
surface indicates that the effect of the nacelle was to make the pressure
coefficients less negative over the wing at the station of the nacelle
center line while making them more negative over the outer semispan. On
the lower surface, the pressure coefficlents became more negative with the
addition of the nacelle, particularly in the region of the nacelle Junc—
tures and of the llp of. _the nacelle inlet on the lower nacelle meridian.
Reduction of the inlet—velocity ratio from 0.64 to O orested a small area
of large negatlve pressure cocefficlents over the forward portion of the
lower 1nboard nacelle Juncture, but otherwise had little effect on the
pressures over either the upper or lower surface.

Figure 13(b) shows that at an angle of attack of 4° the Pressure
changes due to the additlion of the nacells were similar to those at an
angle of attack of 0° with the exception that the pressure coefficients on
the upper surface ahead of the nacelle became more negative. The pressure
coefficlients 1n the lower Junctures were consliderably less negative at
this angle of attack than at an angle of attack of 0°. The reduction of. .
inlet—velocity ratio from 0.68 to 0 caused the pressure coefficients to
become more negative near the nacelle inlet on both the upper and the lower

surfaces.
Inlet and Internal Flow Characterlstics

The distribution of the statlic pressure coefficlent at several posi-—
tions inside the nacelle inlet is presented in figure 14. At a Mach number
of 0.18, the most negative pressure coefficients were found to exist at the
position nearest the wing root with separation apparently taking place at
an angle of. attack of 12°. The separated reglon appears to have extended
over a large portlion of the 1lip at an angle of attack of 16°. At higher
Mech numbers 1t can be seen that the lowest pressures contlnued to exist
at this 1inlet positlon nearest the wing root, although separation did not
occur within the angle-of-attack range of the investigation.

In figure 15, the varlation of the ram—recovery ratio with Mach number
at a station 4 percent of the nacelle length behind the inlet is presented
for angles of attack of 0°, 4O, and 8°. The ramrecovery ratio increased
from 0.97 at & Mach nunmber of 0.18 to 0.99 at a Mach number of 0.92.
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CONCLUSIONS

Wind—bunnel tests at Mach numbers up to 0.92 have been conducted on
a wing-nacelle combination at a constant Reynolds number of 2,000,000.
The model consisted of a Jet—engine nacelle moumted on the lower surface
of a wing having the leading edge swept back 37.25°. The results of a
comparison with similar data for the wing alone may be summarized as
follows:

1. Addition of the nacelle to the wing had little effect on the
1ift and pltching-—moment characteristics of the wing. The aerodynamic
center at zero lift was moved slightly rearward and the pitching moment
was Iincreased positively et all Mach numbers.

2. Addltion of the nacelle wlth internal flow reduced the drag—
divergence Mach number approximately 0.0l or less for 1lift coefficients
between —0.1 and 0.4. The reduction of inlet—~velocity ratio to zero
Increased the drag at Mach numbers below thaet for drag divergence, but
haed little effect on the drag-divergence Mach number.

3. In the angle—of-attack range from 0° to 4°, the ramwrecovery
ratio at a station L percent of the nacelle length behind the nacelle
inlet was found to increase from approximetely 0.97 to 0.99 as the Mach
number was increased from 0.18 to 0.92., The corresponding change in
inlet—velocity ratio was from 0.9 to 0.6.

Ames Aeromautlcal Laboratory,
National Advisory Committee for Aeronautics,

Moffett Fleld, Calif.
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Semispan area (wing alone) = 8.283 square feef
Aspect ratio (wing alone) = 6.04

Taper ratio = 0.50

¢ (wing alone) = [.728 feet (parallel to root chord/

e— /3.33 -—}
—533 r—
/ —7 I
/
25-percent chord 7 I
of airfoil section S/
NACA 64,-212 /
afrfoil section
6000
5500
.00
(-]
9
[ / \ 4
v
< /0.66 B A
-————~— Rows of pressure orifices
2548 on the wing
2667 ————> All dimensions are in inches

unless otherwise noted

Figure I.- A plan view of the upper surface of the wing-nacelle combination.
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Figure 2.- The control lines of the nocelle (adaptsd from refersnce 2).
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(a) Lower three-querter front view. (b) Upper three—quarter rear view.

Figure 3.~ Model of the wing and nacelle mounted in the Ames 12-foot pressure wind tumnel.
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